Device Fabrication
The phase-change random access memory (PCRAM) cells were fabricated using integrative conventional lithography and nanopatterning techniques. Each patterning step was accomplished using 365 nm lithography or electron-beam lithography, followed by the material-deposition and lift-off processes. All of the materials were deposited using composite targets in a dc magnetron sputtering system. 4-inch Si wafers with 1 μm thick SiO 2 were used as the starting material in the PCRAM fabrication. The bottom electrode was first patterned and deposited with 200 nm thick TiW, followed by the deposition of 30 nm dielectric material. Vias were generated in the dielectric material to form the active device region and the diameter of the via is defined as the cell size. To study the size-dependent switching speed, PCRAMs with cell sizes varying from 50 nm to 300 nm were employed. The vias were filled with 30 nm of phase-change material (Ge 2 Sb 2 Te 5 ).
Finally, 200 nm of TiW was deposited and patterned to form the top electrode.
Electrical Characterization
The PCRAM device performance was investigated using an in-house PCRAM testing system (34) that comprises mainly of a picosecond pulse generator (Picosecond Pulse Labs), a digital oscilloscope (Agilent Technologies), and a probe station, as shown in Fig. S1 . The picosecond pulse generator has the specifications of pulse durations ranging from 100 ps to 10 ns, rise time of 65 ps, and amplitude of 7.5 V. The PCRAM is connected to the generator/oscilloscope via low-capacitance cables (~0.2-3 pF) and a low resistor of 50 Ω. The upper limit of the time constant of the RC circuit is estimated to be ~several 10 ps. To study the ultrafast switching effects, the PCRAMs were constantly biased with a small voltage, and subsequent electrical pulses were applied to switch the PCRAMs. The optimum incubation conditions were studied, as shown in Fig. S2 . The full-width, half-maximum time duration (FWHM) of the pulse (Fig. S3 ) was measured at V 1 (Fig. S1 ), and this was used to characterize the speed of the PCRAM switching. The waveform of the pulse obtained at V 1 also reflects the exact voltage pulse that is applied to the PCRAM, taking into account the capacitance/inductance of the probe/circuitry/connectors. Figure S4 further shows the waveforms of the pulse signal measured before (V 1 ) and after (V 2 ) the PCRAM. From the measurement results, we can clearly see that the FWHMs of the waveforms measured at V 1 and V 2 are almost the same. More specifically, the difference in the FWHMs in the case of the 500 ps pulse is only about 4 %, which is within the measurement error of the oscilloscope with a frequency of 10 GHz. As the signal measured at V 2 has passed through the PCRAM, this confirms that the duration of the pulse experienced by the PCRAM is almost identical to that of the pulse entering the PCRAM. A comparison of the shapes of the pulses measured at V 1 and V 2 also confirms that the parasitic-capacitance effects in the circuit/PCRAM are negligible. The electrical pulse widths and voltage levels were varied from several 100 ps to several 10 ns, and from 0 to 7 V, respectively. We have used one of the conventional cell structures employed by many other research groups (35, 36) . The pulse width needed to switch the cells without applying the incubation field using our current cell structure was found to be about several 10 ns (depending on the voltage applied), which is about the same as compared to the set speed achieved with the other cell structures. This means that the effect of heat retention in our cells is similar to other cell structures, and thereby confirms that the shorter pulse achieved via incubation in this study is not arbitrarily affected by the cell structure employed, nor by its heat-retention properties. To ensure good functionality, the cells were switched reversibly for more than 100 times between the amorphous (~300 kΩ) and crystalline (~10 kΩ) states before the experimental study. The resistance of the amorphous state is lower than the typical range of ~10 3 kΩ. This is because a small cell size and a thin phase-change layer were used.
The amorphous region would be smaller, and hence the resistance of the amorphous state is lower. The amorphization speed was also studied, as shown in Fig. S5 .
Finite-Element Simulations
The simulations were performed using the ANSYS-based integrated software (37) for the analysis and design of PCRAMs (Fig. S6 ). The thermal distribution of the PCRAM was calculated for different applied voltages. The material properties were assumed to be independent of the temperature. Heat is mainly generated in the phasechange layers. The thermal transfer obeys the standard heat-conduction equation:
where ∇ is the gradient operator, k, the thermal conductivity, c, the specific heat, ρ, the density, t, the time, T, the temperature and Q, the Joule heat per unit volume and per unit time, which is called the heat density.
Statistical Data
Figures 2C and D show the shortest pulse widths achieved by the PCRAM cells for different cell sizes and incubation fields, respectively. The shortest pulse width achieved for each cell size was obtained by performing the measurement on 5 PCRAM cells with the same cell size. The shortest pulse width achieved for each incubation field was obtained by carrying out the measurement on a PCRAM cell (300 nm) for 5 times.
The mean values were calculated from the measurements. The shortest pulse widths achieved by the cells have a variation of ±10% from the mean values.
Ab initio Molecular Dynamics Simulations

A. Computational procedures
Constant-volume ab initio molecular dynamics (AIMD) simulations were performed using the Vienna Ab initio Simulation Package (VASP) (38) . presumably due to the well-known feature of the PBE functional (41). These amorphous models were then pre-annealed at 420 K for 270 ps. The pre-annealed model 3 was further annealed at 600 K and then compared with the model 3 that was annealed at 600K without pre-annealing (Fig. S7) .
B. Definition of structural units
Based on the metastable rocksalt structure of crystalline GST, we defined three 
C. Structural changes during annealing at 420 K (pre-annealing)
The amorphous models were pre-annealed at 420 K for 270 ps. These models have initially different degrees of structural order; model 3 has the greatest population of more highly connected planes and cubes (being the most ordered), while the smallest number of such structural units was found in model 1 (being the least ordered). In this sense, our models altogether, eventually, describe the structural evolution of an amorphous system having various degrees of local structural order. The degree of structural change upon pre-annealing is accordingly different. A signature of structural ordering during pre-annealing is manifested as a narrowing of the second peak of the radial distribution function curves and bond-angle distributions, indicative of overall medium-range ordering, in the case of model 1 (Fig. S8 ), whereas such a narrowing is not significant in models 2 and 3. On the other hand, regardless of the initial structural order, the three models show in common the formation and/or growth of a cluster of planes (Fig. 3B ). The number of cubes just fluctuated (or decreased) for models 1 and 2 (or model 3) (Fig. S9 ) during pre-annealing, which suggests that, at least for the beginning of pre-annealing, the formation and growth of clusters of planes (along with overall medium-range ordering) is the predominant structural-ordering mechanism.
D. Critical nucleus size
We have previously studied the scaling limitations of PCRAM (42) . In that work, the scaling limitation of PCRAM can be divided into three spatial ranges: (1) phasechange material critical-nucleus limitation; (2) cell limitation; and (3) array limitation.
The size of the clusters that tend to grow was determined as the critical nucleus size (43, 44) :
where γ (interfacial energy) = 1×10 The critical-nucleus size in the GeSbTe system has been evaluated from the above equation, and was found to be approximately 0.5 nm, which is the size of a cluster of ~30
atoms. This estimate is in good accord with the estimate also obtained by us recently from AIMD simulations, which is about 5-10 connected (Ge,Sb) 4 Te 4 cubes (33). It should be noted, however, that an accurate estimation of the critical nucleus size is still limited because the interfacial energy is generally difficult to obtain from experiments, especially for the metastable rocksalt phase of these phase-change materials. Fig. S1 . Schematic of the experimental/measurement setup. To study the switching effects of the PCRAM, a pulse generator is programmed to deliver a short electrical pulse to the PCRAM cell. The waveforms of the pulses at a point before and after the PCRAM cell were measured at V 1 and V 2 , respectively. with pulse widths (full-width, half maximum) down to 500 ps were employed to switch the cells. The pulse waveforms were measured/obtained at V 1 (Fig. S1 ).
Supporting Figures
Fig. S4.
Waveforms of the applied 500 ps pulse signal at a point before (V 1 ) and after (V 2 ) the PCRAM cell. The yellow waveform shows the pulse signal measured at V 1 . The purple waveform shows the pulse signal measured at V 2 . As the signal measured at V 2 has passed through the PCRAM, this confirms that the duration of the pulse experienced by the PCRAM is almost identical to that of the pulse entering the PCRAM. The fastest speed achieved was 500 ps. has one (three) cubes in the amorphous phase, whereas no cubes exist in the amorphous phase of model 1. Upon pre-annealing at 420 K, the numbers of (connected or discrete) cubes mostly fluctuate, without showing clear evidence of the growth of cubes. This is in contrast with the case for the distribution of the number of planes (Fig. 3B) ; there is a definite signature of the growth of planes during pre-annealing, which indicates that the formation and growth of the planar structure is the predominant structural-ordering mechanism. suggests that the structural ordering at 420 K occurs mostly via diffusionless atomic movement (i.e. cooperative bond rotations of atoms) rather than (bond-breaking) atomic diffusion to vacancies, which is also confirmed by visual inspection of the trajectories of individual atoms during the formation of planes or cubes. This difference in behavior is presumably due to insufficient thermal energy being available at 420 K to overcome the energy barrier for diffusion, thereby resulting in an overall diffusion coefficient smaller by about two orders of magnitude than at 600 K (Fig. 3C) . 
